Hexagonal boron nitride (h-BN) and semiconducting transition metal dichalcogenides (TMDs) promise greatly improved electrostatic control in future scaled electronic devices. To quantify the prospects of these materials in devices, we calculate the outof-plane and in-plane dielectric constant from first principles for TMDs in trigonal prismatic and octahedral coordination, as well as for h-BN, with a thickness ranging from monolayer and bilayer to bulk. Both the ionic and electronic contribution to the dielectric response are computed. Our calculations show that the out-of-plane dielectric response for the transition-metal dichalcogenides is dominated by its electronic component and that the dielectric constant increases with increasing chalcogen atomic number. Overall, the out-of-plane dielectric constant of the TMDs and h-BN increases by around 15% as the number of layers is increased from monolayer to bulk, while the in-plane component remains unchanged. Our computations also reveal that for octahedrally coordinated TMDs the ionic (static) contribution to the dielectric response is very high (4.5 times the electronic contribution) in the in-plane direction. This indicates that semiconducting TMDs in the tetragonal phase will suffer from excessive polar-optical scattering thereby deteriorating their electronic transport properties. npj 2D Materials and Applications (2018) 2:6 ; doi:10.1038/s41699-018-0050-x
INTRODUCTION
The continued miniaturization of silicon-based electronics along with the exfoliation of graphene from graphite has motivated extensive research toward layered two-dimensional (2D) materials. However, since graphene does not have a band-gap, it is not well suited for digital electronics applications. 1 Consequently, significant research effort has been directed toward 2D semiconductors. Indeed several classes of 2D semiconductors like boron-nitride (h-BN), transition metal dichalcogenides (TMDs), silicene, phosphorene, layered transition metal oxides, and hydroxides have been studied in the recent past. [2] [3] [4] [5] TMDs are layered materials with chemical formula MX 2 where M is a transition metal and X is a chalcogen. Many different TMDs are possible because of the various permutations of the transition metal and the chalcogen that can be made. TMDs are either metallic, semi-metallic, semiconductors, topological insulators, or superconductors. [6] [7] [8] As most of the semiconducting TMDs have a bandgap 9 <2 eV, they are great candidates for future electronic devices. 10 In addition, their atomically thin nature enables further miniaturization of electronic devices. Also, many monolayer TMDs have a direct bandgap, enabling their use in the field of optoelectronics. 11 Structurally, TMDs have strong in-plane covalent bonding and weak out-of-plane van der Waals bonding. Just like in graphene, the weak van der Waals force between the layers facilitates exfoliation of individual or multiple layers. The versatility of the electronic and optical properties of layered materials (TMDs) and the ability to exfoliate monolayers and few layers has propelled extensive research in the field of TMDs. [12] [13] [14] [15] Another intriguing 2D material with a manifold of suggested applications is hexagonal boron-nitride (h-BN). It is a direct bandgap material with a large gap 16 of 5:97 eV. Therefore it is being investigated as an alternative to gallium nitride (GaN) for ultraviolet lasing applications, such as optical storage and photocatalysis. 16 Also, h-BN is a potential gate dielectric for TMD-based field-effect transistors (FETs). The 2D nature of h-BN, along with the absence of trapped charges or dangling bonds, yields improved performance when integrated with molybdenum disulphide MoS 2 and other TMDs compared to TMDs on a silicon dioxide (SiO 2 ) substrate. [17] [18] [19] The great potential of 2D materials, mainly TMDs and h-BN, for future electronic devices requires a detailed study of their electronic transport properties. One of the key properties in this regard is the dielectric response of these materials. Knowledge of the dielectric response is critical to estimate both their electrostatic properties, as well as polar electronic scattering processes. Due to the different nature of bonds in the in-plane and the outof-plane direction, the dielectric response of 2D materials is anisotropic. Most of the previous studies have either focused only on the in-plane dielectric constant or have done the analysis of dielectric properties for a specific 2D material. [20] [21] [22] [23] An extensive study of the in-plane and the out-of-plane electrostatic dielectric response is missing, however.
Earlier work on the dielectric constant of MoS 2 demonstrated the influence of the surrounding media on the dielectric constant. 24 In particular, the out-of-plane dielectric constant (relative permittivity) of the 2D crystal was defined as an average of the dielectric constant of the surrounding media. 25 But this is not a viable approach as it does not account for the polarization in the TMD. Thus, in order to accurately simulate the electrostatic behavior and the effect of polar-optical electron-phonon scattering on mobility degradation, it is necessary to compute the intrinsic dielectric response of the 2D materials.
Despite the importance of dielectric properties, its study has received less attention. A few of the studies related to the dielectric constant include a first principles calculation of the outof-plane dielectric constant of MoS 2 and h-BN. 26, 27 However, an exhaustive study of both the in-plane and out-of-plane dielectric properties of the other 2D materials is missing.
In this paper, we calculate the macroscopic optical and static relative permittivity values for free-standing monolayer, bilayer and bulk TMDs corresponding to the in-plane and out-of-plane direction. We consider semiconducting TMDs: molybdenum (Mo), tungsten (W), zirconium (Zr), and hafnium (Hf) based TMDs and h-BN. We find that the in-plane dielectric constant is larger than the out-of-plane dielectric response for all the 2D materials. We also find that the electronic component dominates the dielectric response except for TMDs in the tetragonal phase where the ionic contribution is dominant in the in-plane direction. Finally, we also analyze the variation of optical and static dielectric constant (relative permittivity) of h-BN as function of 1-5 layers and how monolayer and bilayer values for TMDs compare against their respective bulk values. Our calculations show that the in-plane dielectric constant shows negligible thickness dependence for both TMDs in the hexagonal phase and h-BN.
This paper is organized as follows. Firstly, we outline and discuss the results obatined from the ab initio calculations of the macroscopic dielectric response of the 2D materials. Following this, we give information about the parameters used in the ab initio calculations in the Methods section. The methods section also contains the details of the first principles calculation of the electronic and ionic contribution to the dielectric constant. The obtained dielectric constant values need to be normalized corresponding to the thickness of the 2D materials. Finally, the normalization of the obtained macroscopic dielectric constants of TMDs and h-BN is detailed.
RESULTS AND DISCUSSION
We have calculated the macroscopic out-of-plane and in-plane dielectric constants for several TMDs and h-BN in monolayer, bilayer and bulk configurations from first principles calculations. In the case of mono-and bi-layers, special care has been taken to isolate its dielectric constant from the environment. More details on the exact procedure can be found in the Methods section. The calculated dielectric constant values for h-BN and TMDs are tabulated in Table 1 and Table 2 , respectively. The dielectric constant of h-BN as a function of the number of layers is shown in Fig. 1 . Both the in-plane and out-of-plane dielectric constant for TMDs (from Table 2 ) are visually represented in Fig. 2 and Fig. 3 , respectively. In these figures, ϵ 0 represents the macroscopic static response containing both the ionic and the electronic response; whereas, ϵ ∞ represents only the electronic component (which is also the macroscopic optical dielectric constant).
Inspecting the dielectric constant values in Tables 1-2 , we observe that the dielectric constant is always higher in the inplane direction than in the out-of-plane direction. Indeed, the outof-plane interlayer interaction being a van der Waals interaction will be less polarizable compared to the in-plane covalent bonding. Figure 1 shows that the dielectric constant of h-BN in the out-ofplane direction ranges from 3.29 to 3.76, and shows thickness dependence. The in-plane dielectric constant on the other hand is relatively constant, ranging only from 6.82 to 6.93, as the number of layers increases from monolayer to bulk. Our findings are in contrast with the findings in ref. 26 , which found a strong layerdependence for h-BN, and ref. 20 , where a dielectric constant of unity was obtained. The discrepancy between our current and those previous findings stems from the different definition of thickness employed. The definition we use, computing the n-layer thickness from the structure of an n þ 1-layer structure, aligns more closely to the thickness values which would be found in a multilayer 2D material stack and will generally be more relevant. We have reported the obtained material thickness in Table 3 . One of the important aspects of these calculations is that these dielectric constant values can be renormalized for different values of thickness obtained in heterostructures.
The two important equations which govern the rescaling of the in-plane (ϵ 2D;jj ) and out-of-plane dielectric constant (ϵ 2D;? ) with h-BN: In-plane and out-of-plane dielectric constant for different number of layers. ϵ || is the in-plane and ϵ ⊥ is the out-of-plane dielectric constant. ϵ 0 denotes the static dielectric constant; whereas, ϵ ∞ denotes the dielectric constant at optical frequency Table 2 . TMDs: In-plane and out-of-plane macroscopic dielectric constant of monolayer, bilayer and bulk Out-of-plane (ϵ ⊥ ) and in-plane (ϵ || ) dielectric constant (relative permittivity) for monolayer (1L), bilayer (2L) and bulk 2D materials. ϵ ∞ represents the electronic contribution of the dielectric response i.e., the dielectric constant at optical frequency. ϵ 0 represents the static dielectric constant, which includes both the electronic and the ionic response Dielectric constant of TMDs and h-BN: Monolayer to Bulk A Laturia et al.
thickness are described below where c is the thickness of the supercell containing the 2D material and t is its thickness.
In Eq. (1) and Eq. (2), ϵ SC;jj and ϵ SC;? represent the in-plane and the out-of-plane dielectric constant of the supercell. One of the key points to note is that these reported macroscopic dielectric constants (ϵ 2D;?=jj ) are intrinsic to the 2D material. If however, we take the perspective of capacitive or optical measurements on a 2D material stack, the experimental thickness might be different from the one reported in this manuscript. In this case, Eq. (1) and Eq. (2) can be used to rescale the dielectric constant to a different thickness value by taking c as the thickness from Table 3 , ϵ SC as the dielectric constant from Tables 1 or 2 and t as the experimental thickness. This thickness sensitivity of the 2D dielectric constant is shown in Supplementary Information, where results for free-standing monolayer MoTe 2 are depicted. This analysis shows that the macroscopic dielectric tensor of monolayer MoTe 2 approaches that of vacuum when an infinite interlayer separation is considered. These results are similar to those calculated for monolayer MoS 2 and are expected when dielectric constant of a free-standing monolayer, surrounded by 
For the TMD results depicted in Figs. 2-3, we observe that the dielectric constant of the TMDs increases with the atomic number of the chalcogen, i.e., ϵ MTe2 >ϵ MSe2 >ϵ MS2 . The out-of-plane dielectric response of 1T TMDs is nearly independent of the number of layers. Mo-based TMDs show an increase of 15% in the out-ofplane dielectric constant when going from monolayer to bulk while their W-based TMDs show an increase of about 5%. The larger increase in Mo-based TMDs overall is due to a higher interlayer coupling compared to the W-based TMDs. In line with our findings for h-BN, in the in-plane direction, 2H TMDs show <10% variation with thickness for both the static and optical dielectric constant values. This negligible change in the in-plane dielectric constant from monolayer to bulk, compared to the outof-plane dielectric constant, is due to the atomic displacements in the plane in response to external fields. These in-plane displacements are practically unaltered by the interaction between the multiple layers. Figures 1-3 also show that the electronic part dominates both the out-of-plane and in-plane dielectric constants for h-BN and TMDs with the 2H polytype structure. This is in line with what is found in most conventional semiconductors. 28 The TMDs with the 1T structure show a different behavior in the in-plane direction, however. In this direction, the ionic contribution is dominant for TMDs in the 1T structure, increasing to about 4.5 times its electronic counterpart. The marked difference between the ionic contribution in the 2H and the 1T materials can be attributed to the breaking of both the rotational and the inversion symmetry for 1T structures upon application of the in-plane field, unlike 2H structures where only the rotational symmetry is broken in response to an in-plane field. The breaking of this additional symmetry leads to an additional dipole which causes a large ionic response to external fields. To validate that the main difference is the crystal structure and not the atomic constituents, we calculated the ionic dielectric response for a 1T material, in particular (HfS 2 ) in a 2H structure. Indeed, we find that the ionic response in the inplane direction reduces from 53.7 to 12.30 when we theoretically convert monolayer HfS 2 from the 1T to the 2H structure.
The finding that 1T TMDs have such a marked ionic contribution to their in-plane dielectric constant is detrimental for their perspective toward electronic transport. The difference between ϵ 0 and ϵ ∞ determines the strength of the polar-optical (Fröhlich) interaction where a larger difference gives rise to larger polaroptical scattering rates, depressing mobility. Furthermore, the lack of mirror symmetry in the 1T structure, giving rise to the very large in-plane ionic contribution, was also recently found to be detrimental for electronic transport because of strong acoustic phonon scattering with flexural mode. 12 Both findings combined present a bleak outlook for TMDs in the 1T phase toward obtaining favorable electronic transport properties.
In conclusion, we have identified several patterns in the dielectric response of h-BN and semiconducting TMDs that facilitate the selection, design, and modeling of 2D materials for use in future electronic devices. For h-BN, the in-plane component of the dielectric response is larger than its out-of-plane counterpart and is independent of the number of layers. On the other hand, the out-of-plane dielectric constant of h-BN shows an increase of about 15% from monolayer to bulk. For TMDs, we find that higher atomic number chalcogens give rise to a higher dielectric constant, and overall, the in-plane dielectric constant of TMDs is larger than its out-of-plane counterpart. The in-plane dielectric constant of TMDs, as in the case of h-BN, shows an insignificant variation with the number of layers in contrast to the out-of-plane response. Our calculations show that the electronic component dominates the overall dielectric response for all the 2D materials, except for TMDs with the 1T polytype structure. For the 1T TMDs in the in-plane direction, the static dielectric constant is, on average, about 4.5 times the dielectric constant at optical frequencies. This large difference between ionic and electronic dielectric response will give rise to large polar-optical phonon scattering rate and indicates a suppressed mobility in 1T TMDs.
METHODS

Details of the ab initio calculations
We calculate the structural and electronic properties of 2D materials using density functional theory (DFT) as implemented in the Vienna Ab Initio Simulation Package (VASP). 29, 30 The electron exchange correlation is treated in the Generalized Gradient Approximation (GGA) as proposed by Perdew-Burke-Ernzerhof (PBE). 31 The cutoff energy is increased to twice the default energy cutoff, and the convergence criterion for electronic selfconsistent calculations is set to 10 À8 eV. Setting the convergence criterion this strict is required to ensure an accurate determination of the dielectric properties. Grimme's van der Waals functional is used to correctly describe the interlayer distances. 32 Brillouin zone integration is performed on a Monkhorst-Pack n n 1 k-space grid for free-standing layered structures and n n n for bulk where n is chosen so that all obtained values are converged. The value of n which results in converged dielectric constants for bulk 2H TMDs and h-BN turned out be 8, whereas, its counterpart for bulk 1T TMDs is 16. We use cutoff energies of 520 eV for S-based TMDs, 450 eV for Se-based TMDs and 480 eV for Te-based TMDs. The cutoff energy used for h-BN is 400 eV. The length of the supercell used for different 2D materials lies in the range of 25-40 Å. As shown in Fig. 4 all materials under consideration have a hexagonal or tetragonal lattice with basis vectors ± a ffiffi ffi 3 p =2; a=2; c À Á , where a is the in-plane lattice constant and c is the dimension of the supercell for the few-layer materials and the out-of-plane lattice constant for the bulk materials. Each TMD unit cell has three atoms per layer, one metal (M) and two chalcogens (X), the h-BN unit cells have one boron and one nitrogen atom per layer.
We consider both trigonal prismatic (2H) and octahedrally (1T) coordinated TMDs. Crystal structures with trigonal prismatic coordination are layered in an A-B stacking order; whereas, octahedrally coordinated 2D materials tend to stack in an A-A stacking order. 33 Monolayer h-BN is planar and adopts the honeycomb lattice structure. Multi-layered h-BN preferentially adopts the A-A′ stacking order. 34 The structural parameters of the 2D materials under consideration are determined by ionic relaxation in VASP and are listed in Table 3 .
Determining the electronic contribution to the in-plane and outof-plane dielectric constants Monolayer and bilayer 2D materials are periodic in the x À y plane; whereas, they are confined in the z-direction. Since, we use a DFT code Structural parameters for monolayer (1L), bilayer (2L), and bulk 2D materials. a represents the lattice constant, t represents the thickness of monolayer and bilayer and d i denotes the interlayer distance in bulk. The numbers in parentheses represent the reduction in the interlayer distance from monolayer and bilayer to bulk
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that relies on a periodic plane wave basis, we employ the supercell approach. The non-physical interaction between periodic repetitions of layers is avoided by constructing a supercell where adjacent layers in the supercell are separated by a sufficiently large vacuum layer (c % 10a). We first calculate the macroscopic dielectric tensor ϵ SC of the supercell (SC) which contains the combined dielectric response of the 2D material and the vacuum. The dielectric tensor contains both the in-plane (ϵ || ) and outof-plane (ϵ ⊥ ) dielectric constants. Each of these values can be used to define the out-of-plane capacitance of the supercell as:
In Eq. (3), c is the length of the supercell. VASP calculates the dielectric tensor ϵ SC using the following equation:
In Eq. (4), α; β 2 fx; y; zg are the Cartesian directions, δ αβ is the Kronecker delta, ϵ SC αβ is the dielectric tensor of the supercell, ϵ vac is the absolute dielectric permittivity with value of 8.85 10 À12 F m and χ αβ is the susceptibility tensor. The susceptibility tensor, χ αβ , of the supercell is obtained using the density functional perturbation theory (DFPT) approach where the local field effects are included at the level of DFT as described in ref. 35 . The macroscopic values correspond to the dielectric response at optical frequency (ω ! 1) where only the electrons respond to the external field and the ions remain frozen in their positions. Since, we are only interested in the macroscopic dielectric properties, we do not compute the frequency-dependent dielectric functions. We extract both the macroscopic out-of-plane (ϵ 
Ionic contribution to the dielectric response
The dielectric constant calculated using the method in the previous section represents only the electronic contribution, which neglects the response of the ions to the applied electric field. To account for the ionic response, we also determine the relaxed-ion dielectric tensor ϵ αβ in a way similar to the way the clamped-ion dielectric tensor (Eq. (4)) was determined. In the case of the relaxed-ion dielectric tensor, the susceptibility tensor is modified to take into account the atomic displacements as given by Eq. (5).
In the above equationχ αβ represents the dielectric susceptibility which is purely electronic, K mn is the force-constant matrix and Z is the Born dynamical effective charge tensor. 35 Here, Ω 0 represents the unit cell volume and m; n represent a composite index capturing both the atom under consideration and the displacement direction. 35 Eliminating the contribution of the vacuum in the dielectric response
The dielectric constant (ϵ SC ) values obtained in the previous section represent the combined dielectric constant of the 2D material surrounded by a large vacuum. To distill the dielectric constant of the 2D material, we eliminate the contribution of the vacuum by invoking the principle of equivalent capacitance. For the out-of-plane direction, the capacitance of the supercell C SC is the series combination of the vacuum capacitance C vac and the 2D material capacitance C 2D ,
or, in terms of the dielectric constants:
where ϵ 2D is the dielectric constant corresponding to the 2D material with thickness t. Eq. (7) yields the dielectric constant of the 2D material as outlined in Eq. (1) . Similarly for the in-plane direction, the equivalent capacitance can be written as a parallel combination of the 2D material and the vacuum capacitance, yielding the in-plane dielectric constant of the 2D material as mentioned in Eq. (2). Both Eq. (1) and Eq. (2) can also be alternatively obtained from the effective medium approach, which is a microscopic view of the dielectric response as explained by Aspnes in ref. 36 . The linear dependence on supercell size (interlayer separation) was previously observed in Fig. 6 of ref. 20 . Because of the dependence of Eq.
(1) and (2) on the thickness t, the extracted dielectric constants ϵ 2D;?=jj of the 2D materials, especially ϵ 2D;? , are very sensitive to the value of thickness that is chosen as is shown in Supplementary Information. A judicious choice of the employed thickness of 2D materials under study is thus essential. These figures were generated using the Visualization for Electronic and Structural Analysis (VESTA) software package. 39 Dielectric constant of TMDs and h-BN: Monolayer to Bulk A Laturia et al.
Previous work by Kumar et al. (ref. 26 ) studied the layer-dependence of the h-BN dielectric constant. The definition of thickness employed in ref. 26 is the total extent of the polarization, where the cutoff is made at the points where the polarization reaches <1% of its peak value. However, this choice is arbitrary and different results would be obtained if a 0.5% or a 5% cutoff would have been used, or, if the extent of the charge density would have been used rather than the extent of the polarization. Most importantly, this thickness, obtained from the polarization, is strongly different from the physical inter-layer distance, which is ultimately the most relevant thickness quantity when considering stacked 2D materials.
Instead, we define the thickness based on the van der Waals bond length analogous to the atomic radius. 37 More specifically, we relax an n þ 1 layer structure, accounting for van der Waals interactions, and then determine the distance between the center of the bottom and the top layer respectively. This distance is then used as the thickness of the n-layer stack. We note that the dielectric constants we calculate can easily be modified for different thickness values by rescaling the dielectric constant to a new value using Eq. (1) and Eq. (2) . The thickness of the 2D materials used for the work in this paper are listed in Table 3 . Finally, it is worth noting that the in-plane dielectric constant obtained for monolayer MoS 2 , rescaled using Eq. (2), is in close agreement to that reported in ref. 38 .
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